Introduction
Tumor necrosis factor-a (TNF) and related cytokines play important roles as mediators of antiviral immunity (reviewed in Ramshaw et al., 1997) . TNF preferentially kills virally-infected cells, although TNF is also able to protect cells from viral infection in the absence of a cytocidal eect (reviewed in Wong et al., 1992) . TNF stimulates apoptosis of many cell types in vitro, although this often requires inhibition of protein synthesis (Kirstein et al., 1986; Reid et al., 1989) . The cellular activities of TNF are mediated by its interactions with TNF receptor 1 (TNF R1) and TNF R2, members of a larger receptor superfamily characterized by a conserved extracellular cysteine-rich motif. TNF R1, a 55 ± 60 kDa death-domain-containing TNF receptor, directly transduces the TNFinitiated apoptotic signal, most likely through ligandinduced receptor trimerization D'Arcy et al., 1993; Eck and Sprang, 1989; Vandevoorde et al., 1997) . TNF R2, a 70 ± 80 kDa TNF receptor lacking a death domain, may play an important role in modulating the strength of the TNF signal, possibly through a ligand-passing mechanism (Tartaglia et al., 1993) . For TNF R1-mediated apoptosis signaling, binding of TNF to the receptor facilitates association of the receptor cytoplasmic tail with the intracellular death domain protein, TRADD. TRADD interacts with FADD, a death domain protein also capable of direct interaction with the death domain of the TNF R1-related cytokine receptor Fas. The interaction of TRADD and FADD is mediated by death domains located within the carboxyl termini of TRADD and FADD.
Caspases are cysteine proteases activated through precise proteolytic cleavage of latent inactive procaspases at internal aspartate residues and are characterized by caspase-speci®c substrate speci®city (reviewed in Cryns and . Caspase 8 acts as the apical caspase in the TNF and Fas pro-apoptotic signal transduction pathway. FADD associates with caspase 8 through interaction of the FADD death eector domain with the death eector domain of caspase 8 (Boldin et al., 1996; Muzio et al., 1996) . This interaction may be sucient to promote caspase 8 selfassociation and, in turn, caspase 8 activation (Muzio et al., 1998) . Caspase 8 cleaves important substrates including BID Luo et al., 1998) and RIP (Lin et al., 1999) and initiates a caspase cascade that culminates in the activation of a nuclease, DFF or CAD, that induces DNA fragmentation (Enari et al., 1998; Liu et al., 1997 ).
Here we show that HPV-16 E7 restrains TNFinduced apoptosis in normal diploid human ®broblasts. This activity of E7 correlates with its ability to transform cells. E7 also confers partial protection against Fas-mediated killing. The HPV-16 E7-induced signaling defect occurs at a TNF R1-proximal signaling step at or upstream of caspase 8 activation.
Results

HPV-16 E7 attenuates TNF-induced apoptosis
Evasion of apoptotic stimuli constitutes a signi®cant step in tumor progression and is an important means by which viruses evade the immune system (reviewed in Roulston et al., 1999) . Hence, we evaluated the capacity of a high risk HPV oncoprotein, HPV-16 E7, to modulate TNF-mediated apoptosis. Ectopic expression of HPV-16 E7 in IMR-90 normal human diploid ®broblasts was achieved using recombinant LXSN-based retroviruses as previously described . Cell populations were treated with several TNF doses in conjunction with cycloheximide. After 7 h cells were stained with the DNA dye Hoechst 33258 and their nuclear morphology evaluated by¯uorescence microscopy. At doses ranging from 1 ± 30 ng/ml TNF, cells expressing HPV-16 E7 showed a more than 50% decreased propensity to undergo apoptosis in response to TNF relative to cells infected with control retrovirus (Figure 1a) . Similar results were obtained when the ability of HPV-16 E7 to modulate TNF-mediated apoptosis was evaluated in WI38 cells. Like IMR-90, WI38 are normal diploid human embryonic lung ®broblasts. While these cells were generally less sensitive to TNF, expression of E7 suppressed TNF mediated apoptosis to a similar extent as in IMR-90 cells (Figure 1b) . CD95 (Fas) and TNF R1 share a region of intracellular homology termed the`death domain'. Binding of ligand to either receptor can result in death-domain-dependent activation of a caspase 8-initiated proteolytic cascade, leading ultimately to apoptosis. We reasoned that, if HPV-16 E7 suppresses TNF-induced apoptosis by targeting a signal transduction component shared with the Fas signaling pathway, HPV-16 E7 would also suppress Fas-induced apoptosis. Using an agonistic anti-Fas antibody to initiate Fas signaling in conjunction with cycloheximide, we found that HPV-16 E7 expressing IMR-90 cells showed a decreased apoptotic response 8 h after stimulation (Figure 1c ). However, the overall level of Fas apoptosis was much lower at 8 h compared to TNF and we performed a time course to compare TNF and Fas apoptosis over an interval of 24 h (Figure 1d) . Expression of the HPV-16 E7 protein conferred resistance against both Fas and TNF mediated apoptosis. However, the protective eect against Fas was much reduced compared to TNF, and nonapparent by 24 h (Figure 1d ). We believe that this is at least in part, due to the slower kinetics of Fas mediated apoptosis in these cells. The protective eect of E7 may be gradually lost due to the inhibition of new protein synthesis in the presence of cycloheximide. Given the more pronounced protective eect of E7 toward TNFmediated apoptosis, we examined this pathway in more detail.
HPV-16 E7 interferes with TNF receptor 1-mediated apoptosis and this process involves caspase activation Unlike Fas, TNF R1 also stimulates protective functions which may account for the dierence in E7-mediated protection seen between TNF R1 and Fas. Treatment of cells with TNF triggers two receptors, TNF R1 and TNF R2. TNF R1 contains death domains and is thought to be mainly responsible for TNF-mediated apoptosis. In contrast TNF R2 does not contain death domains, but has been reported to activate NF-kB and, therefore, may have anti-apoptotic activities (reviewed in Baker and Reddy, 1996) . Hence, E7 may interfere with TNF-mediated apoptosis signaling by undermining pro-apoptotic signals emanating from TNF R1 or enhance anti-apoptotic signals emanating from TNF R1 or TNF R2. To distinguish between these two possibilities we treated E7 or control IMR-90 cells with a soluble form of TNF speci®c for TNF R1. Apoptosis was decreased in E7-expressing cells demonstrating that E7 can interfere with TNF R1-mediated apoptosis (Figure 1e ). In addition, treatment of cells with the caspase inhibitor zVAD-FMK interfered with TNF-and Fas-mediated apoptosis, indicating that caspase activation is crucial to cell death in response to treatment with either cytokine (Figure 1e ).
TNF receptor 1 remains functional in HPV-16 E7-expressing cells HPV-16 E7-expressing cells may contain lower levels of TNF R1, hence resulting in a decreased cellular response to TNF. However, examination of steadystate TNF R1 levels in cell populations infected with control retrovirus (LXSN) or with retrovirus encoding HPV-16 E7 revealed similar amounts of TNF R1 in both cell populations (Figure 2a) .
To directly address whether the TNF R1 population in E7-expressing cells was competent for signal transduction we took advantage of the observation that there is a quantitative relationship between extent of receptor/ligand interaction and cellular responses in TNF R1-related signal transduction pathways (P®zen-maier et al., 1987; Wakabayashi et al., 1990) . Thus, we examined the activation of p38 MAP kinase (p38) and c-jun amino terminal kinase (JNK) in normal and E7-expressing IMR-90 cells. Activation of p38 and JNK in response to TNF is mediated by phosphorylation at Thr 180 and Tyr 182 and Thr 183 and Tyr 185, respectively (Raingeaud et al., 1995) . TNF-induced p38 Thr 180/Tyr 182 phosphorylation occurred rapidly in both the E7-expressing and control IMR-90 cell population (Figure 2b) . Similarly, TNF-induced phos-phorylation of JNK at Thr 183 and Tyr 185 also occurred swiftly in both cell types (Figure 2c ). These results show that TNF R1 remains functional in the E7-expressing cells. Moreover, HPV-16 E7 does not in¯uence TNF-induced p38 or JNK activation in normal human ®broblasts. This observation is signi®cant given that these kinases have been implicated in TNF-mediated cytotoxicity in some cells (Roulston et al., 1998) .
TNF-induced IkB inactivation and NF-kB target gene induction occur efficiently irrespective of E7 expression
Another hallmark of TNF R1-mediated signaling is the activation of NF-kB. Activation of NF-kB triggers an anti-apoptotic transcriptional response (Antwerp et al., 1996; Liu et al., 1996) . Although new protein synthesis is suppressed by treatment with cycloheximide in all of our experiments, we wanted to determine whether NF- Hoechst staining was performed as described above. Data points represent averages of duplicate plates; error bars represent population standard deviations. (e) E7-mediated decrease of TNF-induced apoptosis involves signaling through TNF receptor 1 and depends on caspase activation. IMR-90 cells were treated for 8 h with 30 mg/ml cycloheximide (Chx), cycloheximide plus 5 ng/ml TNF (TNF), cycloheximide plus 10 ng/ ml of a soluble form of TNF that binds TNF R1 but not TNF R2 (TNF (1)), cycloheximide plus 1 mg/ml agonistic anti-Fas antibody for 24 h (Fas), cycloheximide plus 5 ng/ml TNF plus 20 mM pan caspase inhibitor zVAD for 8 h (TNF+zVAD), cycloheximide plus 1 mg/ml agonistic anti Fas antibody plus 20 mM pan caspase inhibitor zVAD for 24 h (Fas+zVAD), or were left untreated (c). Methanol-®xed cells were stained with Hoechst 33258 and apoptotic nuclei identi®ed by¯uorescence microscopy. Data points represent averages of duplicate plates; error bars represent population standard deviations kB may be constitutively activated in E7-expressing cells prior to TNF treatment, which might contribute to the dampened apoptotic response of E7-expressing cells in reaction to TNF treatment. In addition, we wanted to compare NF-kB activation in normal and E7-expressing cells to further support our contention that TNF R1-mediated signal transduction was fully functional in E7-expressing cells. TNF receptor-induced activation of the transcription factor NF-kB is mediated through activation of IkB kinases which induces the phosphorylation and subsequent degradation of the cytoplasmic inhibitor IkB (reviewed in Baeuerle, 1998) . NF-kB then translocates to the nucleus where it activates transcription of target genes (reviewed in May and Ghosh, 1997). In both control and E7-expressing cell populations we observed rapid transient increases of phospho-IkBa (Ser32) ( Figure 2d ) and decreases in IkB steady state levels ( Figure 2e ) upon TNF treatment. Consistent with NFkB activation, mRNA expression of the NF-kBregulated anti-apoptotic gene A20 was eciently induced in response to TNF treatment in both E7-expressing and control cells (Figure 2f ). Importantly, however, A20 RNA was not expressed prior to TNF treatment in the E7-expressing cell population, consistent with the notion that E7 expression does not result in the constitutive activation of NF-kB. Together with the ecient induction of p38 and JNK ( Figure  2b ,c), these results demonstrate that TNF R1-mediated signal transduction per se is not defective, nor is NFkB activity constitutively enhanced in E7-expressing cells.
Defective TNF-mediated activation of pro-caspase 8 in HPV-16 E7-expressing cells
To further analyse the point of action of HPV-16 E7, we compared the activation of caspases in HPV-16 E7-expressing cells in response to TNF. Pro-caspase 3 is an eector caspase required for the execution of apoptotic events including DNA degradation (Woo et al., 1998) . In response to TNF treatment, pro-caspase 3 (d), is maintained in cell populations expressing HPV-16 E7. Cell populations were treated with TNF and cycloheximide for the indicated periods of time and processed for immunoblot analysis using phospho (Thr180/Tyr182)-p38, phospho (Thr183/Tyr185)-JNK, and phospho (ser32)-IkBa-speci®c antibodies. (e) Degradation of IkBa in response to TNF treatment. Cell populations were treated with TNF and cycloheximide for 20 min and processed for immunoblot analysis using an IkBa-speci®c antibody. (f) TNF-stimulated induction of A20 mRNA expression is maintained in cell populations expressing HPV-16 E7. Cell populations were treated with TNF and cycloheximide (+) or with 30 mg/ml cycloheximide alone (7) for 3 h 45 min and analysed for A20 mRNA expression by Northern blotting. Ethidium bromide-stained rRNAs are pictured below as a loading control is activated through a caspase cascade that is triggered by activation of pro-caspase 8 by TNF R1. TNF treatment induced pro-caspase 3 proteolysis in control retrovirus-infected cells within 6 h (Figure 3a) . Consistent with the decrease of TNF-mediated apoptosis in E7-expressing ®broblasts (Figure 1a ,b,d,e), TNF-induced pro-caspase 3 cleavage was delayed in E7-expressing cells (Figure 3a) . The attenuation of procaspase 3 proteolysis in these cells is dependent on TNF treatment since the stability of pro-caspase 3 is not signi®cantly altered by 12 h in unperturbed cells expressing E7 (Figure 3a) . Similarly, we compared the proteolytic activation of pro-caspase 8, the apical caspase in the TNF and Fas signal transduction pathway, in HPV-16 E7-expressing versus control cells in response to TNF. Pro-caspase 8 was rapidly cleaved post treatment with TNF ( Figure 3b ) but cleavage was similarly delayed in E7-expressing cells. The kinetics of activation of caspases 8 and 3 were very similar in response to TNF and cycloheximide. Similar results were obtained in multiple independent experiments.
To directly ascertain that the rapid TNF-mediated pro-caspase 8 cleavage corresponds to enzymatic activation, we analysed the death domain containing serine-threonine kinase RIP (Boldin et al., 1995; Hsu et al., 1996; Stanger et al., 1995) . Upon recruitment to TNF R1, RIP is cleaved by caspase 8, and a 42 kDa carboxyl terminal cleavage fragment, RIP-C, is produced (Lin et al., 1999) . In control cells, RIP cleavage was visible 6 h post TNF treatment as evidenced by the disappearance of the full length RIP protein (Figure 3c ) and the appearance of RIP-C at 6, 8, and 12 h after TNF treatment (Figure 3d) . Consistent with the delay of pro-caspase 8 cleavage, the disappearance of RIP and the appearance of the cleaved fragment were delayed in E7-expressing cells (Figure 3c,d) . Interestingly, while in E7-expressing cells the carboxyl terminal RIP fragment was observed at 8 h, it was no longer detectable at 12 h post TNF treatment and, hence, may have a shorter half life in these cells. To independently con®rm that caspase 8 activation occurred less eciently in E7-expressing cells upon TNF treatment, we also performed caspase 8 activity assays using a¯uorogenic substrate. Following TNF treatment, enzymatic activity of caspase 8 was enhanced in control cells, and this elevation was decreased in a HPV-16 E7-expressing cell population (Figure 3e ). These results show that there is a defect in the rapid TNF-induced proteolysis and activation of caspase 8 in HPV-16 E7-expressing cell populations.
Analysis of TNF receptor 1-associated adaptor molecules in E7-expressing cells
Expression of the HPV-16 E7 protein alters the half lives of multiple cellular proteins. The half life of the tumor suppressor pRb and the related pocket proteins p107 and p130 are decreased (Boyer et al., 1996; , and the half life of p53 and p21 cip1 are extended (Jones et al., 1999) . Thus, we considered the possibility that the expression levels of certain TNF R1-associated signal transduction molecules such as TRADD, FADD or RIP might be altered in E7-expressing cells. Moreover, it has recently been reported that the half life of TRAF2 is decreased in cells that ectopically express E2F-1 (Phillips et al., 1999) . Since E7 expression leads to E2F activation (Phelps et al., 1988) we also analysed the half life of TRAF2 in E7-expressing cells. Expression of the caspase 8 inhibitor cFLIP (Irmler et al., 1997) was also analysed. Control and E7-expressing cells were treated with protein synthesis inhibitor cycloheximide, and the steady state levels of these proteins were visualized. This analysis did not reveal major dierences in steady state levels of turnover of these proteins after 12 h (Figure 4a ). In particular TRAF2 was expressed at similar levels and remained stable for 12 h both in normal and E7-expressing ®broblasts. The steady state levels of TRADD appeared slightly decreased in E7-expressing cells; however, this was not consistently observed (see Figure 5a ). In contrast FADD levels were somewhat increased in E7-expressing cells. Steady state levels of the caspase 8 inhibitor, cellular FLICE inhibitory protein (cFLIP), were similar in both populations and the half life was shorter than 4 h in control as well as E7-expressing cells (Figure 4a) . Similarly, consistent with a published report (Smotkin and Wettstein, 1987) , the HPV-16 E7 protein had a short half life of less than 2 h (Figure 4a) .
Next, we analysed the disappearance of TRADD, FADD and TRAF2 in response to TNF activation in conjunction with cycloheximide (Figure 4b,c) . Interestingly, steady state levels of TRADD, FADD and TRAF2 decreased more rapidly upon triggering TNF R1 than in cells treated with cycloheximide alone (Figure 4a,b,c) . It also became apparent that upon TNF treatment TRADD and FADD were less rapidly degraded in E7-expressing cells than in control cells. Hence, the observed destabilization of FADD and TRADD in cells upon TNF treatment parallels increased cell death (see Figure 1) , and suggests that these adapter molecules may be destabilized upon induction of cell death.
HPV-16 E7 does not bind to TRADD, FADD, or caspase 8 and does not intefere with the TRADD/FADD interaction Next we tested whether E7 could directly interact with TRADD, FADD or caspase 8 and/or whether it could interfere with the interaction between TRADD and FADD. First we performed co-immunoprecipitation experiments in control and E7-expressing IMR-90 cell populations. Both populations expressed similar levels of TRADD and the E7-expressing population contained somewhat increased levels of FADD ( Figure  5a ). Endogenous TRADD and FADD were coimmunoprecipitated both in normal and E7-expressing cells at similar eciencies. Immunoprecipitation with an E7 antibody did not coprecipitate either FADD or TRADD (Figure 5a) . Similarly, immunoprecipitation with a TRADD antibody did not coprecipitate E7 (Figure 5a ). To determine whether E7 could interact with caspase 8 after stimulation of TNF R1, we performed co-immunoprecipitation experiments in control and E7-expressing IMR-90 cell populations that were treated for up to 30 min with TNF and cycloheximide, corresponding to reported times for DISC activation (Kischkel et al., 1995; Medema et al., 1997) . Immunoprecipitation with a caspase 8-speci®c antibody did not coprecipitate E7 (Figure 5b ), nor was interaction between TRADD, FADD, and E7 seen at any of these times (data not shown). In addition we performed transient transfection experiments using the highly transfectable human osteosarcoma cell line U2OS. Increasing amounts of an E7 expression plasmid were co-transfected with constant amounts of TRADD and FADD (Figure 5c) . Similar to what we observed in IMR-90 cells with endogenous proteins, immunoprecipitation with a TRADD speci®c antibody co-precipitated FADD. Importantly, the amount of FADD in complex with TRADD was constant regardless of the amount of cotransfected E7 suggesting that E7 does not directly interfere with TRADD/FADD interaction (Figure 5d ). Moreover, there was no evidence for co-immunoprecipitation of E7 with TRADD or FADD (Figure 5d) . Hence, the eect of HPV-16 E7 on TNF-mediated apoptosis and caspase 8 activation is likely to be indirect.
Suppression of TNF-induced apoptosis by HPV-16 E7 correlates with cellular transformation
Next we determined the structural domains of the E7 protein that contribute to this activity. We utilized a panel of previously characterized HPV-16 E7 mutants (Demers et al., 1996; Jones et al., 1997). This analysis showed that the ability of E7 to attenuate TNFinduced apoptosis correlates with cellular transformation. Two transformation-de®cient HPV-16 E7 mutants (DP 6 TLHE 10 and DD 21 LYC 24 ) that lack the capacity to destabilize pRB fail to suppress TNF-induced apoptosis ( Figure 6 ). An HPV-16 E7 mutant at the casein kinase II site (SS 31/32 ± GG) that is able to transform cells, albeit less eciently than wild-type HPV-16 E7, suppressed TNF-induced apoptosis, but to a lesser extent than HPV-16 E7 (Figure 6 ). A transformation competent control mutant (S 71 ± I) retained the capacity to inhibit TNF-induced apoptosis (Figure 6 ). Hence, HPV-16 E7-mediated inhibition of TNF-induced apoptosis correlates with cellular transformation. In agreement with this notion, expression of a transformation de®cient,`low risk' HPV-16 E7 protein did not interfere with TNF sensitivity of normal human ®broblasts (Figure 6 ).
Discussion
The elimination of virally infected cells by cytotoxic T lymphocytes (CTL) constitutes an important host defense mechanism that is mediated at least in part Figure 3c by the engagement of death domain-receptors such as Fas or TNF R1 on the surface of the infected host cell. Therefore, it is not surprising that many viruses have developed strategies to thwart detection and/or elimination by death domain receptor-mediated apoptosis. Adenoviruses (Ad), for example employ multiple strategies to short-circuit TNF and Fas mediated apoptosis which are relevant to the virus's ability to maintain a persistent infection of cells (reviewed in Wold et al., 1999) .
Here we report that the HPV-16 E7 oncoprotein impedes TNF-mediated apoptosis and caspase activation in normal human diploid ®broblasts (Figures 1  and 3 ). Our previously published experiments have demonstrated that E7-expressing IMR-90 cells are highly predisposed to undergo apoptosis in response to other stimuli such as con¯uence or growth factor deprivation . In fact, the initial experiments described in this report were performed with identical cell populations and in parallel with the growth factor deprivation experiments that we have published . Hence, HPV-16 E7 can enhance or dampen an apoptotic response of a given cell depending on the stimulus. The ability of HPV-16 E7 to modulate apoptotic responses correlates with cellular transformation (Figure 6 ) , and cells expressing the transformation de®cient low risk HPV-6 E7 protein undergo TNF-induced apoptosis as eciently as control cells (Figure 6 ).
Death-domain receptor-mediated activation of caspases and induction of apoptosis has been most thoroughly studied for the TNF R1-related cytokine receptor Fas. Upon stimulation of Fas a death inducing signaling complex (DISC) is formed at the receptor (Kischkel et al., 1995) . This Fas-associated complex contains FADD, as well as pro-caspase 8 (Medema et al., 1997) . It has been proposed that a similar DISC may also be formed associated with TNF (Figure 3b ) predict that the TNF R1-associated DISC function and pro-caspase 8 activation is suppressed in these cells. This contention is supported by the delay in procaspase 3, pro-caspase 8 and RIP cleavage that we have observed in E7-expressing cells (Figure 3) . RIP is a death domain containing protein kinase that interacts directly with TRADD (Boldin et al., 1995; Stanger et al., 1995) . It is a component of the TNF R1 signaling complex, and is itself a substrate for caspase 8 (Lin et al., 1999) . Upon cleavage by caspase 8 a stable carboxyl terminal RIP fragment, RIP-C, is produced and remains associated with TRADD. It enhances TRADD/FADD interactions, and hence increases TNF-mediated cell death (Lin et al., 1999) . In E7-expressing cells, we observed a delay in RIP cleavage, consistent with a lag in caspase 8 activation relative to control cells. Moreover, the pro-apoptotic RIP-C fragment appeared to have a shorter half life in E7 expressing cells (Figure 3d ). Hence, in addition to a delay in pro-caspase 8 activation, E7 expressing cells may have a defect in sustained TNF R1 mediated proapoptotic signaling.
Despite the inhibition of pro-caspase 8 activation, generic TNF R1 signaling is not noticeably perturbed in E7-expressing cells. The steady state levels of TNF R1 are not reduced (Figure 2a) , and there is rapid and ecient activation of p38 (Figure 2b) , JNK (Figure 2c) , and NF-kB (Figure 2d ± f) in E7-expressing cells. This demonstrates that TNF R1-mediated signaling through TRADD, RIP and TRAF2 is functional in E7-expressing cells. The main signaling molecules that have been implicated in TNF R1-mediated apoptosis, TRADD, FADD, TRAF2, RIP, cFLIP and procaspase 8, are expressed at similar levels in control and E7-expressing cells (Figures 4 and 5) . In addition, our results indicate that E7 does not stably interact with TRADD, FADD, or caspase 8, and moreover, that E7 does not interfere with the formation of TRADD/FADD complexes which we detected even in the absence of TNF stimulus (Figure 5a,d) .
Some viruses encode FLICE-inhibitory proteins (vFLIPs) to interfere with receptor-mediated activation of pro-caspase 8. These molecules contain two death-eector domains that interact with FADD, thereby inhibiting productive DISC formation and pro-caspase 8 activation . It is unlikely that E7 acts as a prototypical FLIP since it lacks any recognizable homologies to death eector domains. Furthermore, given that the half life of HPV-16 E7 is less than 2 h (Figure 4a ; Smotkin and Wettstein, 1987) it is unlikely that E7 directly suppresses caspase 8 activation since inhibition of pro-caspase 8 persists to 8 ± 12 h post TNF treatment. We postulate that E7 modulates the expression of an apoptosis regulator with a relatively long half life, either at the level of gene expression or protein stability.
One attractive candidate that we investigated was cFLIP, a molecule that is related to viral FLIPs and encodes a catalytically inert caspase 8-like molecule (Irmler et al., 1997; Scadi et al., 1999) . However, our experiments showed that cFLIP is expressed at similar levels and has a short half life of less than 4 h both in normal and E7 expressing cells (Figure 4a) .
The ability of HPV-16 E7 to interfere with TNFinduced apoptosis and caspase 8 activation is reminiscent of the ability of the adenovirus E1B 19K protein to inhibit Fas-mediated apoptosis. While E1B 19K does not directly interact with FADD or pro-caspase 8, it interferes with DISC formation (Perez and White, 1998) . The rapid decay of the intracellular pool of E7 after cycloheximide treatment, makes it unlikely that E7 inhibits TNF-induced cell death over extended periods of time via a direct mechanism.
Interestingly, HPV-16 E7-expressing cells had only a minor reduction in apoptosis mediated by Fas, a cytokine receptor that signals cell death similar to TNF R1. We found that induction of apoptosis occurred generally much slower and less eciently in response to stimulation of Fas than through TNF R1 (Figure 1d) . Importantly, however, cell death triggered by Fas and TNF R1 were both strictly dependent on caspase activation (Figure 1e ) and, in conjunction with the typical changes in nuclear morphology observed upon Hoechst staining, likely represent apoptosis and not necrosis. This suggests that there may be a fundamental mechanistic dierence in Fas-and TNF R1-mediated-apoptosis in IMR-90 cells. Figure 6 The ability of HPV E7 to interfere with TNF-mediated apoptosis correlates with cellular transformation. IMR-90 cells expressing control vector (LXSN), wild type HPV-16 E7 (16E7), two transformation de®cient mutants in the amino terminal domain of HPV-16 E7 that interfere with pRB degradation (DP 6 TLHE 10 ; DD 21 LYC 24 ), a mutation in the casein kinase II site that shows diminished cellular transformation (SS 31/32 ± GG), a mutation in the carboxyl terminal domain that transforms similar to wild type (S71-I), or a transformation de®cient`low risk' HPV-6 derived E7 (6E7) were treated with 3 ng/ml TNF and 30 mg/ml cycloheximide for 7 h. Methanol-®xed cells were stained with Hoechst 33258 and apoptotic nuclei identi®ed by¯uorescence microscopy. Data points represent averages from two experiments, error bars represent population standard deviations Cell lines have been classi®ed as type I or type II with respect to Fas-mediated apoptosis (Scadi et al., 1998) . In type I cells, caspase 8 is activated rapidly at the DISC, while in type II cells, activation of caspase 8 occurs less rapidly, and is less dependent on DISC formation (Scadi et al., 1998) . It is unclear from the published literature whether TNF R1-mediated apoptosis signaling in type I and type II cells mirrors that induced through Fas but our results suggest that this might not be the case. The cleavage of RIP (Figure 3c) indicates that TNF-mediated caspase 8 activation likely involves formation of a DISC, and that E7 protein can interfere with this process. Apoptosis is induced more rapidly and eciently by TNF R1 than Fas antibody in IMR-90 cells (Figure 1d ). This may also explain the dierences between this study and a published report by Richard Schlegel's laboratory that provided evidence for increased TNF-mediated apoptosis in E7-expressing keratinocytes (Stoppler et al., 1998) . We have obtained similar results in keratinocytes: TNF/ cycloheximide treatment induces a relatively low level of apoptosis and the apoptotic response is much delayed compared to ®broblasts (J Basile et al., 2001, manuscript in preparation) .
Despite the fact that HPVs infect keratinocytes and not ®broblasts, we believe that the ability of E7 to interfere with the rapid activation of pro-caspase 8 and apoptotic response in the background of a normal human diploid cell is relevant and reveals a potentially novel mechanism for the subversion of cytokinemediated apoptosis signaling. The signal transduction pathways disrupted by E7 are disregulated in many dierent tumor types and, hence, these defects may cause decreased sensitivity to cytokine-mediated cell death in such neoplasms. Moreover, other TNF-related cytokines exist and we are currently investigating whether they can induce apoptosis in keratinocytes through similar pathways as TNF RI in IMR-90 ®broblasts. It can then be tested whether E7 can interfere with the apoptotic response to such cytokines in human keratinocytes.
Materials and methods
Cell culture
IMR-90, WI38, PA317, PG13 cells, and the human osteosarcoma cell line U2OS were grown at 378C with 5% CO 2 in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% iron-supplemented bovine calf serum (HyClone Laboratories, Inc.), 3.2 mM glutamine and 1% penicillin/streptomycin.
Retroviral infections
PA317 or PG13 packaging cells transfected with the control vector, LXSN, or with LXSN-based vectors containing HPV type 6 or 16 E7 sequences (Foster et al., 1994; Halbert et al., 1991) were kindly provided by D Galloway (Fred Hutchinson Cancer Center, Seattle, WA, USA). PA317 packaging cells expressing the LXSN-based retroviral construct were prepared as described (Miller and Rosman, 1989) . Supernatant was harvested from packaging cells and IMR-90 cells infected as previously described . Cells exposed to retrovirus were selected in 300 mg/ml G418 for at least 6 days and pooled prior to use. Expression of E7 was ascertained by immunoblot analysis in each individual pool of cells.
Apoptosis assays
Approximately 7 ± 8610 4 cells were plated per 35 mm dish; 2 days later, cells were exposed to recombinant human TNF (R&D Systems Inc.) or a soluble form of TNF that binds TNF R1 but not TNF R2 (#522-008-C050-Alexis Corporation), agonistic anti-human CD95 (Fas) antibody (DX-2.1, R&D Systems Inc.) and 30 mg/ml cycloheximide, or 30 mg/ml cycloheximide alone. At the times indicated, cells were ®xed by exposure to methanol vapor for 10 min followed by immersion in methanol for at least 10 min. After staining with bisbenzimide (Hoechst 33258, Sigma) (1 mg/ml in water clari®ed with nonfat dry milk) for 7 min and rinsing in water, apoptotic nuclei were quantitated by¯uorescence microscopy. Typically, 300 ± 500 nuclei were counted per sample. The caspase inhibitor zVAD-FMK (#FK009, Enzyme Systems Products) was used at a concentration of 20 mM and was added to the cells at the same time as TNF or anti Fas antibody.
Immunological methods
The following commercial antibodies were used: actin (Chemicon), caspase 3 (#19; Transduction Laboratories), caspase 8 (B9-2; Pharmingen), FADD (#1; Transduction Laboratories), HPV-16 E7 (ED17; Santa Cruz Biotechnology, Inc; 8C9; Zymed), IkBa (C21; Santa Cruz Biotechnology, Inc), RIP (G322-2; Pharmingen), TRADD (C20; Santa Cruz Biotechnology, Inc), TRAF2 (#2361; Immunotech), TNF R1 (MAB225; R&D Systems Inc.). Speci®c antibodies for phospho-IkBa (Ser32) (#9241), phospho-p38 (Thr180/ Tyr182) (#9211), and phospho-SAPK/JNK (Thr183/Tyr185) (#9251) were purchased from New England Biolabs, Inc. The cFLIP antibody (#NF6) (Scadi et al., 1998) was a generous gift from Peter Krammer (DKFZ, Heidelberg, Germany).
Cells were lysed in 0.1% NP-40 buer (250 mM NaCl, 50 mM Tris-HCl (pH 7.5) 5 mM EDTA, 0.1% Nonidet P-40 (NP-40), 1 mM dithiothreitol (DTT), 0.5 mM PMSF, 1 mg/ml aprotinin and leupeptin, 2 mM NaF, 0.5 mM Na 2 VO 3 ) on ice for 30 min and centrifuged 15 min at 15 000 g. Immunoprecipitations were performed for 2 h at 48C and antigen/ antibody complexes were puri®ed with protein G-agarose (Gibco ± BRL) for 2 h at 48C. Protein samples resolved by SDS ± PAGE were transferred to a PVDF membrane (Immobilon-P, Millipore). After blocking nonspeci®c binding sites by incubation in 5% Carnation nonfat dry milk in 10 mM Tris HCl, 2.5 mM EDTA, 50 mM NaCl, 0.1% Tween-20, pH 7.5, the membrane was hybridized with primary antibody, washed, hybridized with horseradish peroxidaseconjugated secondary antibody (Amersham), and analysed by enhanced chemiluminescence (Amersham).
Caspase activity assay
Caspase 8 activity was assessed using the`ApoAlert FLICE/ Caspase-8 Fluorescent Assay Kit' (Clontech Laboratories, Inc.) according to manufacturer's instructions using IETD-AFC as a substrate. For¯uorometric detection of protease activity, sample¯uorescence was evaluated using a 380 nm excitation ®lter and a 530 nm emission ®lter.
Northern analysis
Total RNA was prepared from subcon¯uent cells according to manufacturer's instructions (RNeasy-Qiagen). Ten mg total RNA was resolved on a MOPS/formaldehyde 1% agarose gel, transferred to a nylon membrane (Nytran+, Schleicher and Schuell), and UV crosslinked. The membrane was hybridized with a 32 P-labeled full-length A20 cDNA probe (Opipari et al., 1990) (kindly provided by V Dixit) in QuikHyb (Stratagene), washed at 658C in 16SSC/0.05% SDS and exposed to Kodak X-AR ®lm.
